Histone variants help specialize chromatin regions; however, their impact on transcriptional regulation is largely unknown. Here, we determined the genome-wide localization and dynamics of Htz1, the yeast histone H2A variant. Htz1 localizes to hundreds of repressed/basal Pol II promoters and prefers TATA-less promoters. Specific Htz1 deposition requires the SWR1 complex, which largely colocalizes with Htz1. Htz1 occupancy correlates with particular histone modifications, and Htz1 deposition is partially reliant on Gcn5 (a histone acetyltransferase) and Bdf1, an SWR1 complex member that binds acetylated histones. Changes in growth conditions cause a striking redistribution of Htz1 from activated to repressed/basal promoters. Furthermore, Htz1 promotes full gene activation but does not generally impact repression. Importantly, Htz1 releases from purified chromatin in vitro under conditions where H2A and H3 remain associated. We suggest that Htz1-bearing nucleosomes are deposited at repressed/ basal promoters but facilitate activation through their susceptibility to loss, thereby helping to expose promoter DNA.
. On polytene chromosomes, H2AνD displays a widespread nonrandom distribution, though it is notably absent from loci that are the most highly transcribed (Leach et al., 2000) . In addition, although H2AνD is present at modest levels at certain heatshock genes, heat-shock conditions reduced H2AνD occupancy (Leach et al., 2000) . In Tetrahymena, H2A.Z is associated with active chromatin (Stargell et al., 1993) , and extensive studies on its charged N-terminal tail show that charge neutralization via acetylation is critical for H2A.Z function (Ren and Gorovsky, 2001 ). Collectively, H2A.Z has complex roles in both transcriptional regulation and chromosome metabolism.
Studies in yeast support broad roles for Htz1 in transcriptional regulation and chromosome metabolism (Kamakaka and Biggins, 2005). Htz1 occupies the promoter regions of the GAL1-10 and PHO5 genes during repression; although an htz1⌬ in isolation has no impact on their activation, combining htz1⌬ with mutations in chromatin remodeling complexes confers a significant activation defect to these genes (Santisteban et al., 2000 
Results

Genome-Wide Localization of Htz1 and the SWR1 Complex
Htz1 occupancy genome-wide was determined in a haploid S. cerevisiae strain during asynchronous growth in rich media containing glucose. To enable Htz1 isolation, a derivative encoding HA-tagged Htz1 (HA-Htz1) was integrated at the HTZ1 genomic locus. To identify Htz1-occupied sites, we isolated genomic DNA fragments (average length of 350 bp) associated with Htz1 by chromatin immunoprecipitation (ChIP) using an αHA (12CA5) antibody. ChIP-enriched fragments and input control DNA were labeled with fluorescent dyes (Cy5 and Cy3, respectively) and used to probe a DNA array of the S. cerevisiae genome. Our array consists of the entire genome parsed into two types of segments, open reading frames (ORFs) and intergenic regions (IGRs). ORFs and IGRs were spotted on separate slides, requiring their separate analysis and presentation. For each segment, a normalized Cy5/ Cy3 ratio was determined, which provided a measurement of Htz1 occupancy at each segment. We also applied percentile rank analysis (a common alternative method) to depict relative Htz1 occupancy. Here, Htz1 occupancy measurements (Cy5/Cy3 ratios) were ordered (from highest to lowest) and then sorted into 100 bins, with each bin containing 1% of the total number of segments. Segments of highest Htz1 enrichment were assigned to the one hundredth percentile rank bin and those of lowest enrichment to the first percentile rank bin. Next, the median percentile rank (MPR) of three independent replicate experiments was determined for each segment. Through this analysis, the median MPR (mMPR) can be determined for any set of genes or chromosomal elements and compared to any other set of genes/elements. The full Htz1 occupancy dataset is available in the Supplemental Data available with this article online.
Htz1 occupancy was highly reproducible and specific; three biological replicates yielded Pearson correlation coefficients (r) of R0.94 ( Figure 1A) , which depended on tagged Htz1 ( Figure 1B) . Enrichment of Htz1-occupied segments was also efficient; plots depicting the distribution of ChIP enrichment ratios were broad, reflecting a consistent nonrandom localization pattern of Htz1 ( Figures 1C and 1D ). These three Htz1 ChIP replicates generated an average of 1743 segments (ORF, 764; IGR, 979) with at least a 2-fold enrichment (log 2 value R 1; Figures 1C and 1D ), whereas only 124 segments (ORF, 33; IGR, 91) were generated from untagged replicates.
The catalytic component of the SWR1 complex, Swr1, was also localized during asynchronous growth in rich media. A tagging construct was integrated into the 3# end of the chromosomal SWR1 gene to encode a myc-tagged Swr1 protein (Swr1-Myc). Swr1-Myc occupancy was reproducible (r R 0.62; data not shown) Figure 1F ). Notably, the promoter with the highest Swr1-Myc occupancy is the SWR1 promoter, raising the possibility for a regulatory loop involving Htz1 deposition.
Specific Htz1 Deposition Requires Swr1 and Is Strongly Promoted by Yaf9 Genome-Wide
The pattern of Htz1 deposition at specific loci genomewide requires Swr1, as HA-Htz1 occupancy in swr1⌬ mutants was indistinguishable from untagged replicates ( Figure 1G ). Furthermore, strains lacking the Yaf9 component of SWR1 complex display dramatic reductions in specific Htz1 occupancy genome-wide ( Figure  S1 ). However, percentile rank analysis showed that the same loci occupied in the wt strain are occupied in the yaf9⌬ strain but at a reduced level. Thus, Yaf9 is likely more important for the mechanism of Htz1 deposition than the targeting of SWR1. 
Htz1 Occupancy at Particular Chromosome Elements
Htz1 Occupies Promoters Genome-Wide
To examine whether Htz1 generally occupies promoters, we separated IGRs into three classes: (1) nonpromoters, which are flanked by the 3# end of two ORFs, (2) single promoters, which are flanked by one ORF 5# end and one ORF 3# end, and (3) double promoters, which are flanked by two ORF 5# ends. Htz1 has a striking preference for promoters (Figures 2A and 2B ), whereas TAP-tagged H2A displayed a weak preference for the alternative class, nonpromoters ( Figures 2C and  2D ). Highly occupied promoters likely bear (on average) only one Htz1-containing nucleosome, as these promoters are not detectably H2A deficient (data not shown).
To determine quantitatively whether Htz1 preferentially occupies the promoter or the ORF, we compared Htz1 occupancy at ten genes by quantitative PCR (qPCR). At all ten genes, higher occupancy was observed over the promoter region ( Figure 2E ). Tiling analysis of six promoters revealed that the resolution of our Htz1 occupancy measurements was w300 bp and that the peaks of Htz1 occupancy ranged from w100 to w400 bp upstream of the ATG start codon, which would correspond to the nucleosome at the −1, −2, or −3 position of the promoter ( Figure S2 ). Yeast promoters have been classified as either TATA-containing or TATA-less (Basehoar et al., 2004), and for the two TATAcontaining promoters tested (YOR285W and YDL218W), the peak of Htz1 occupancy was either at or adjacent to the TATA box ( Figure S2 ).
The promoter specificity observed in our qPCR analyses raised the possibility that the detection of Htz1 at ORFs might simply reflect proximity to a highly enriched promoter. Consistent with this notion, for highly enriched ORFs the mMPR of their flanking promoters was 80% whereas the mMPR of their flanking nonpromoters was 31%. This bias strongly suggests that ORFs appear occupied in the genome-wide ChIP method due to their proximity to highly occupied promoters. Thus, all subsequent analyses will focus on IGRs.
Htz1 Occupancy at Gene Classes
We observe Htz1 at hundreds of promoters with broad roles in cell regulation. However, significant enrichment was observed at the following particular gene classes: mitochondrial ribosomal protein genes (mRPGs, mMPR 84%), genes for ribosome biogenesis (mMPR 88%), genes encoding members of RNA polymerase III (mMPR 88%), and mitochondrial tRNA synthetases (mMPR 81%). Two classes of genes are notably deficient in Htz1: cytoplasmic ribosomal protein genes (cRPGs, mMPR 16%) and translation elongation factors (mMPR 24%), two gene classes with exceptionally high transcription rates. Thus, mRPGs and cRPGs are the most and least occupied gene classes, respectively. However, whereas mRPGs show typical levels of H2A (mMPR 50%), H2A is virtually absent at cRPG promoters (mMPR 10%; Figure S3 coding mRPGs, members of RNA Pol III, and nuclear pore components. A list of genes occupied by these transcription factors and Htz1 is provided in Table S3 . Variance normalization data.
Htz1 and Bdf1 Preferentially
genes in their repressed/basal states, which we investigate further below. Although Htz1 occupancy correlates with particular acetylation patterns, no single modification appears solely responsible for directing deposition, as specific Htz1 deposition patterns are not dramatically altered in strains bearing amino acid replacement(s) at key sites of modification in histones H3 or H4: H3K14G, H3K14Q, H3K14R, H4K16R, H4K16Q, H4K8+16R, H4K5+12R, H3K4A, H3K4R, or in a set1⌬ strain (data not shown). However, in each mutant strain, particular genes can be identified with dramatic reductions in Htz1 occupancy (data not shown). This raises the possibility that different promoter contexts might impose reliance on a specific modification for deposition.
Strains Lacking Gcn5 or Bdf1 Show Significant Reductions in Htz1 Occupancy
Htz1 occupancy correlated with H3K14ac but did not require this modification. Therefore, we reasoned that Htz1 occupancy might involve acetylation by HAT enzymes that have H3K14 among their preferred substrates and tested Gcn5 and Sas3 (members of the SAGA/SLIK/ADA and NuA3 HAT complexes, respectively). We observed clear alterations in Htz1 occupancy genome-wide in strains lacking Gcn5; IGRs that are highly occupied by Htz1 in the wt strain fall an average of 10-15 percentile ranks in a gcn5⌬ strain ( Figure 4A ). The loss of Sas3 also reduces Htz1 occupancy, though to a much lesser extent ( Figure 4B) . Thus, Htz1 occupancy shows a significant reliance on Gcn5 at many loci. SWR1 complex contains Bdf1, a protein that binds to acetylated histone tails and is well correlated with Htz1 occupancy ( Figure 3C ). Therefore, we tested the extent to which Htz1 occupancy relies on Bdf1 (or its paralog Bdf2) by examining Htz1 occupancy in bdf1⌬ and bdf2⌬ strains. Here, we utilized a polyclonal antibody to Htz1 for ChIP analysis; ChIP efficiencies and Htz1 locations determined with this antibody (in wt cells) were highly reproducible (r = 0.89) and very similar to those determined in HA-Htz1-tagged strains (r = 0.88). Interestingly, loss of Bdf1 conferred a reduction of Htz1 occupancy averaging 10-15 percentile ranks at genes bearing high levels of Htz1 in wt cells ( Figure 4C) . In counter distinction, the loss of Bdf2 altered Htz1 occupancy only slightly ( Figure 4D ). Thus, Htz1 occupancy relies on Bdf1 function at many loci.
To quantify these effects, we performed qPCR at the ten promoters we examined previously for promoter specificity. Consistent with the genome-wide trends, significant reductions were observed at most of these loci in strains lacking either Gcn5 or Bdf1, whereas reductions were observed at fewer loci (and were generally of lesser magnitude) in strains lacking Sas3 or Bdf2 ( Figure 4E ). However, although Htz1 occupancy is reduced at many promoters in cells lacking Bdf1 or Gcn5, we did not observe a bias with respect to the presence or absence of a TATA box (data not shown). Taken together, Htz1 occupancy shows a significant reliance on Gcn5 and on Bdf1, suggesting that these factors participate in the acetylation and acetyl-recognition of promoter targets for Htz1 replacement, but these factors alone do not confer the bias toward TATAless promoters.
Htz1 Occupancy Is Negatively Correlated with Transcription Rate
To understand how Htz1 influences transcription, we examined whether Htz1 localizes to active or repressed gene promoters. Here, we compared Htz1 occupancy (or H2A occupancy) at promoters to the transcription rate of their respective ORFs (Holstege et al., 1998). We restricted our analysis to single promoters, which allowed the unambiguous assignment of a promoter IGR to its linked ORF. Interestingly, Htz1 occupancy was clearly negatively correlated with transcription rate ( Figure 5A ). In counter distinction, H2A was only weakly negatively correlated ( Figure 5B ). This raised the possibility that Htz1 might be lost/ejected from promoters during activation, to a greater extent than H2A.
Activation Promotes Htz1 Loss, Whereas Repression Promotes Htz1 Acquisition
The experiments above prompted us to test whether Htz1 exhibits dynamic redistribution in response to transcriptional changes. Here, we examined the changes in Htz1 occupancy resulting from heat shock (HS) or diauxic shift, which each alter the transcription of hundreds of genes. For simplicity, we will refer to "activated" and "repressed" promoters in relation to the transcriptional response of their linked ORF. Cultures were shifted from 25°C to 37°C for 30 min (HS) and then returned to 25°C for 30 min (recovery). For each condition, we compared changes in gene expression to changes in Htz1 occupancy genome-wide. Remarkably, activated single promoters lost Htz1, whereas repressed single promoters acquired Htz1, with occupancy changes inversely proportional to transcriptional changes ( Figure 5C ). For example, genes that are activated 8-fold (log 2 = 3 on the x axis, Figure 5C ) display greater than a 2-fold average decrease in their mMPR measurement of Htz1 occupancy (log 2 −1.1 = −2.2-fold). Furthermore, recovery from HS largely restored Htz1 occupancy to initial values, showing that these changes are both dynamic and reversible. With H2A, the trend was similar, but the magnitude was greatly Figure 5D ). This behavior may be general, as the diauxic shift provided a similar response; Htz1 was lost at activated genes and gained at repressed genes ( Figure 5E ). We then tested the relationship between Htz1 occupancy and TBP occupancy. Interestingly, we found that TBP occupancy at IGRs (omitting Pol III genes; Roberts et al., 2003) and Htz1 occupancy are inversely correlated ( Figure 5F ).
reduced (
We next examined a particular gene promoter activated by HS that initially bore high levels of Htz1. We chose the promoter for YDC1 (pYDC1) which encodes a ceramidase required for HS response (see Figure S2 for diagram). To examine the kinetics of Htz1 loss, we performed a HS time course. Remarkably, at pYDC1 Htz1 is lost rapidly and to a much greater extent than either H2A or H3 ( Figure 6A) . Moreover, the kinetics suggested that Htz1 loss was not replication dependent. Taken together, promoters bearing high levels of Htz1 that are activated by HS rapidly lose Htz1 during activation.
Htz1 Promotes Activation, Not Repression, of Occupied Promoters
Next, we examined the extent to which genes bearing Htz1 at their promoter rely on Htz1 for regulation. Here, we subjected wt and htz1⌬ cells to HS and performed transcription profiling. Importantly, we observed an attenuation of activation of a particular class of genes; those genes that in wt cells lose the highest proportion of Htz1 ( Figure 6B ). For example, genes normally activated about 4-fold in wt (log 2 = 2, on the y axis) are attenuated to 2.8-fold activation (log 2 = 1.5, on the y axis) in htz1⌬ cells ( Figure 6B, region 1) . In keeping with this overall trend, YDC1 activation is attenuated almost 2-fold in htz1⌬ cells during the early response to HS, consistent with the kinetics of Htz1 loss ( Figure 6C) . In contrast, genes repressed following HS show no reliance on Htz1 for their repression ( Figure 6B, region 2) . Taken together, these results suggest that Htz1 is deposited at promoters during repression but is not required to establish the repressed/basal state (at least for the HS response). Instead, it appears to poise the promoter to facilitate activation through ejection/loss during a later activation program.
Htz1 Is More Susceptible to Release from Purified
Yeast Chromatin Than H2A or H3 Next, we sought a biochemical basis for our observation that Htz1 is lost/ejected from promoters to a greater extent than is H2A during activation. One clear possibility is that nucleosomes bearing Htz1 are less stable than their H2A-containing counterparts in yeast chromatin, rendering them more susceptible to ejection during activation. To examine this, we performed a (Table S3) , which require testing. Second, we show that Bdf1 (which bears two bromodomains with a relatively broad range of acetylation recognition) is required for full Htz1 deposition at many loci. Third, we provide three links among Bdf1, histone acetylation, and Htz1 deposition: the aforementioned involvement of Bdf1, the reliance on Gcn5 for full Htz1 occupancy at many loci, and the correlation between Htz1 occupancy and acetylation at particular histone residues (Figure 7) . Here, we emphasize that our correlations with acetylation do not define a single chromatin state that "codes" for Htz1 deposition; not all highly occupied IGRs bear all correlated marks. Furthermore, as significant Htz1 deposition occurs in cells lacking Bdf1 or Gcn5, other HATs and other factors that recognize modified histone tails must contribute to acetylation patterns and their recognition. Therefore, our data is consistent with Gcn5 contributing (along with other HATs) to a promoter acetylation pattern recognized by Bdf1 and other factors that promote Htz1 deposition. In addition, transcription factors may work together with HATs and Bdf1 to recruit SWR1 to particular promoters. Table 1 ), or a combination of both. We note that as Htz1 is present at only w5% of the levels of H2A, our data does not definitively determine whether the entire Htz1 nucleosome is ejected or whether only the Htz1-H2B dimers are removed, leaving a resident H3-H4 tetramer. This is also true for our in vivo assessments of Htz1 loss; as the DNA fragments isolated in our ChIP experiments range from 150-600 bp, the specific loss of one Htz1 nucleosome in an array with other H2A nucleosomes would result in only modest reductions in H3 levels. Thus, only relative loss can be assessed.
Htz1 Dynamics
One unresolved question is how Htz1 loss is coupled to activation. One possibility is that a chromatin remodeler could actively eject Htz1 nucleosomes, with particular tail modification patterns helping to guide the ejection process. Thus, a speculative model consistent with our data is that Htz1 nucleosomes in yeast chromatin are more susceptible to ejection than their canonical counterparts when acted upon by remodeling complexes, due to a combination of intrinsic properties and modifications (Figure 7) . Ejection could facilitate the binding of TBP or the binding of transcriptional activator proteins, either of which would promote the activation process. Our demonstration of Htz1 dynamics and instability provides a mechanistic basis for the loss of an Htz1 nucleosome and the exposure of promoter DNA during activation.
Experimental Procedures
Yeast Strains, Media, and Genetic Methods Full genotypes for strains are provided in Table S1 . Isolation of strains, genetic methods, and preparation of media followed standard procedures.
Heat Shock and Diauxic Shift
For HS, cells were grown in YPD at 25°C to an OD 600 of w0.8, and a fraction of the culture was taken as a control sample (T = 0, no HS). The remainder were collected and resuspended in YPD prewarmed at 37°C. Growth was continued at 37°C for 30 min and samples were collected (HS). Then the culture was shifted back to 25°C for 30 min and samples were collected (recovery). For the HS time course, cultures at the indicated time points were split for expression profiling and ChIP analysis (by qPCR). For diauxic shift experiments, cells were grown in YPD at 30°C to an OD 600 of w0.3 (T = 0), and samples were collected every 2 hr for 24 hr. Table S2 .
RNA Preparation, ChIP, qPCR, and Microarray Analysis
Chromatin Preparation
A detailed description of the chromatin preparation is provided in the Supplemental Experimental Procedures. In brief, cells were collected during log phase growth and spheroplasted using glusulase. Nuclei were separated on a sucrose cushion; membranes were extracted by detergent. The chromatin pellet was then isolated via centrifugation and subjected to salt extraction using buffers of increasing stringency. Samples were analyzed by SDS-PAGE, Coomassie blue staining, and Western analysis. 
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